The abuse of prescription opioids that are used for the treatment of chronic pain is a major public health concern, costing B$53.4 billion annually in lost wages, health-care costs, and criminal costs. Although opioids remain a first-line therapy for the treatment of severe chronic pain, practitioners remain cautious because of the potential for abuse and addiction. Opioids such as heroin are considered very rewarding and reinforcing, but direct and systematic comparisons of compulsive intake between commonly prescribed opioids and heroin in animal models have not yet been performed. In the present study, we evaluated the potential for compulsive-like drug seeking and taking, using intravenous self-administration of oxycodone, fentanyl, and buprenorphine in rats allowed long access sessions (12 h). We measured compulsive-like intake using an established escalation model and responding on a progressive ratio schedule of reinforcement. We compared the potential for compulsive-like self-administration of these prescription opioids and heroin, which has been previously established to induce increasing intake that models the transition to addiction in humans. We found that animals that self-administered oxycodone, fentanyl, or heroin, but not buprenorphine had similar profiles of escalation and increases in breakpoints. The use of extended access models of prescription opioid intake will help better understand the biological factors that underlie opioid dependence.
INTRODUCTION
A growing problem in the field of drug abuse is prescription opioid abuse and dependence, which has reached epidemiclike proportions. Overdose deaths that involve opioid pain relievers, also known as opioid analgesics, have increased and now exceed deaths that involve the use of heroin and cocaine combined (Centers for Disease Control and Prevention, 2011) . A prominent contributor to this trend is the intake of oxycodone, which can be insufflated, injected, or smoked. As of 2012, nearly 14 million people aged 12 or older had used oxycodone for nonmedical reasons at least once during their lifetime (Substance Abuse and Mental Health Services Administration, 2008, 2012) ; the average age of patients enrolled in treatment programs for heroin users is significantly higher than for prescription opioid users. Therefore, the identification of opioids with increased efficacy for pain treatment and reduced potential to cause dependence is a critical goal for preclinical research.
Opioid addiction is a chronically relapsing disorder characterized by a compulsion to seek and take opioids, loss of control in limiting its intake, and emergence of a profound negative emotional state during withdrawal (Koob et al, 2013) . Multiple sources of reinforcement have been identified in the course of the opioid addiction syndrome (American Psychiatric Association, 2013; World Health Organization, 1992) , and animal models can reproduce many features of opioid dependence that resemble the human condition (Barbier et al, 2013; Vendruscolo et al, 2011) . Animal models of self-administration include the escalation of self-administration of the drug and increased motivation for the drug under conditions of increased workload, defined here as increases in breakpoints under a progressive ratio (PR) schedule of reinforcement (Ahmed et al, 2000; Koob, 2009; Koob et al, 2004; Piazza et al, 2000) . Rats allowed extended access to intravenous heroin selfadministration rapidly escalate their drug intake and demonstrate signs of physical and motivational aspects of opioid dependence, including tolerance, physical withdrawal signs, increased drug intake, and increased motivation to take the drug in the face of adverse consequences (Ahmed et al, 2000; Bozarth and Wise, 1985; Chen et al, 2006; Negus, 2006; Vendruscolo et al, 2011) .
The epidemic-like spread of the abuse of oxycodone and other opioids used to treat chronic pain indicates that these drugs have a high abuse potential. Opioids such as heroin and morphine have been shown to induce conditioned rewards and are reinforcing in animals, reflected by behavioral measures of conditioned place preference (Prus et al, 2009 ) and intravenous self-administration (Ko et al, 2002) , respectively. The effects are dose dependent, particularly via the intravenous route of administration, in which the time to onset is immediate (Edwards and Koob, 2012) . However, few studies have examined the differences in the potential of different opioid drugs to induce escalations in self-administration and increases in breakpoints. Evaluating the behavioral patterns of the self-administration of clinically relevant drugs, such as oxycodone, fentanyl, and buprenorphine, will provide an animal model with which to elucidate the neurobiological bases of their abuse potential.
In the present study, we used the intravenous self-administration paradigm with extended access to systematically compare the potential for escalation of self-administration and drug seeking and intake under conditions of increased cost of opioids that are commonly used for the treatment of chronic pain (ie, oxycodone, fentanyl, and buprenorphine). These drugs were compared with the illicit drug heroin, which as a m-opioid receptor (MOR) agonist has been extensively studied in rodent models of self-administration. In the first experiment, we allowed separate groups of rats to self-administer several doses of oxycodone, fentanyl, and buprenorphine under both limited access (short access (ShA)) and extended access (long access (LgA)) conditions. In the second experiment, we examined the reinforcing strength of these drugs using a PR schedule of reinforcement.
MATERIALS AND METHODS

Subjects
Adult male Wistar rats (n ¼ 144 (6/group); Charles River, Raleigh, NC, USA), weighing 225-275 g at the beginning of the experiments, were housed in groups of 2-3 per cage in a temperature-controlled (22 1C) vivarium on a 12-h/12-h light/dark cycle (lights on at 1800 hours) with ad libitum access to food and water. The animals were allowed to acclimate to the animal facilities for at least 7 days before the surgery. All the procedures adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of The Scripps Research Institute.
Drugs
Fentanyl citrate (F3886), oxycodone hydrochloride (O1378), and buprenorphine hydrochloride (B9275) were obtained from Sigma (St Louis, MO, USA). Fentanyl citrate and oxycodone hydrochloride were dissolved in 0.9% saline, and buprenorphine hydrochloride was dissolved in sterile water. Heroin was obtained from the United States National Institute on Drug Abuse and dissolved in 0.9% saline.
Surgery
The rats were anesthetized with isoflurane (1.5-2.5%) and prepared with chronic intravenous silastic catheters (Dow Corning, Midland, MI, USA) into the right jugular vein (Vendruscolo et al, 2011) . The catheter was secured to the vein with suture thread and passed subcutaneously to exit dorsally on the animal's back. After surgery, the catheters were flushed daily with 0.2 ml of a sterile antibiotic solution that contained heparinized saline (30 USP units/ml) and the antibiotic cefazolin. The rats were allowed to recover for 7 days before behavioral testing.
Self-Administration Chambers
Self-administration sessions were conducted in standard operant chambers (Med Associates, St Albans, VT, USA). The chambers (30.5 cm Â 24.1 cm Â 29.2 cm) were located in a dimly lit room and individually enclosed in wooden cubicles fitted with a ventilation fan that also screened external noise. Each operant chamber had two opaque panels as the right and left walls and two clear Plexiglas panels as the front and back walls. The floor consisted of 6 mm diameter steel bars spaced 15 mm apart. Two retractable levers (2 Â 4 Â 0.3 cm) were mounted 7 cm above the grid floor on the right operant panel. A white light diode was mounted 8.5 cm above each lever. A 1.1-W miniature light bulb synchronized the vivarium's light/dark cycle illuminated the chamber. A spring-covered Tygon tube connected the animal's catheter through a fluid swivel to a syringe that contained heroin solution. The syringe was placed inside a syringe pump (Razel) that was placed outside and above the chamber. A food dispenser with a trap door (3 Â 4 cm) positioned 4 cm above the grid floor, equidistant between the two levers, delivered food pellets (45 mg) upon nosepokes on a fixed ratio 3 (FR3) schedule of reinforcement. A nosepoke hole (1 cm diameter) equipped with an infrared beam activated water delivery (0.1 ml, FR1) into a drinking cup placed on the left side of the back wall, 5 cm above the grid floor. A computer controlled the delivery of fluids and presentation of visual stimuli, and recorded the behavioral data.
Self-Administration Procedures
Before each self-administration session the catheters were flushed with 0.2 ml of a sterile antibiotic solution that contained heparinized saline (30 USP units/ml) and the antibiotic cefazolin (160 mg/ml). Both the training and escalation phases followed an FR1 schedule of reinforcement in which every lever press was reinforced with an intravenous injection of the drug. Each infusion was followed by a 5-s timeout period during which lever presses did not result in an infusion. Animals were allowed to selfadminister in 12-h sessions 5 days/week. During the 1-and 12-h sessions, animals were given ad libitum access to food and water that was delivered following nosepoke. Following each session, animals returned to their home cages.
Escalation of Opioids and PR Schedule
Appropriate doses of each opioid were based on previous studies in our laboratory and the literature (Martin and Ewan, 2008; Martin et al, 2007) . The doses tested supported self-administration in ShA sessions. To examine the possible escalation of buprenorphine self-administration, we first tested the potential for rats that had previously been trained to self-administer heroin to substitute buprenorphine in 1-h sessions. In previous drug discrimination tests (eg, saline vs buprenorphine), morphine has been commonly used as a training drug to establish discrimination, which is then substituted with buprenorphine (Colpaert, 1978; Shannon et al, 1984) . We found that lever pressing was stable following substitution of heroin with buprenorphine at the doses we examined in the subsequent studies. Heroin intake follows a U-shaped dose-response function (Negus, 2006) , and other opioids have similar U-shaped curves (Beardsley et al, 2004) . We then chose these doses for use in the extended access self-administration sessions.
The rats were only exposed to one dose of a drug for the duration of the experiment. The animals were trained to self-administer heroin, fentanyl, oxycodone, or buprenorphine in 1-h sessions. Following 10 days of training, when stable lever pressing was established (minimum of five lever presses for three consecutive days), the rats were allocated to 12-h LgA and 1-h ShA groups. The rats were given a day off after their final escalation session on FR1 and were then tested in a 6-h PR session as previously reported (Barbier et al, 2013) . Each successive infusion required greater leverpressing requirements, with the following PR breakpoint schedule: 1, 1, 2, 2, 2, 3, 3, 4, 4, 5, 5, 6, 6, 7, 7, 8, 9, 9, 10, 11, 11, 12, 13, 14, 14 , and so on. In this test, the response requirement for the next reinforcer increased progressively and is a measure of the reinforcing strength of the drug. Breakpoints were determined with the last infusion taken in the 6-h self-administration session.
Statistical Analyses
All the data are expressed as means and SEM. For escalation functions, the data were analyzed using one-way repeatedmeasures analysis of variance (ANOVA). When appropriate, post hoc comparisons were performed using the Tukey multiple comparison test. Differences in the breakpoints were analyzed between LgA and ShA groups for each dose using Student's t-test. For all the tests, values of po0.05 were considered statistically significant. Figure 1 shows the dose-response function for infusions during pre-escalation (day 1) sessions of heroin, fentanyl, oxycodone, and buprenorphine self-administration. Three doses of each opioid were used to determine the doses of heroin, fentanyl, oxycodone, and buprenorphine (Figure 1a-h ) that support self-administration. We tested doses of fentanyl and oxycodone that support self-administration at rates consistent with our established dose of heroin (60 mg/kg/inf). (Figure 1h ) was also produced.
RESULTS
Escalation of Self-Administration
Subsequent repeated-measures ANOVA of the escalation phase data (Figure 2a-d) showed that the rats significantly escalated the self-administration of heroin at a dose of 60 mg/kg/inf (F 4,52 ¼ 5.343, po0.0001; Figure 2a ), fentanyl at doses of 2.5 mg/kg/inf (F 4,52 ¼ 19.2, po0.0001) and 5 mg/kg/inf (F 5,65 ¼ 7.373, po0.0001; Figure 2b) , and oxycodone at doses of 150 mg/kg/inf (F 5,60 ¼ 3.325, p ¼ 0.001) and 300 mg/kg/inf (F 6,72 ¼ 4.517, po0.0001; Figure 2c ). Rats that were allowed to self-administer buprenorphine did not show an increase in lever pressing with extended access at any dose tested (Figure 2d ), indicating that buprenorphine did not produce escalation of intake.
Dose Response
Responding during the last 3 days of the LgA sessions was averaged, and total responding (Figure 3a, c, e, g ) and total intake (mg/kg) (Figure 3b, d , f, h) were recorded. All of the opioids tested produced an inverted U-shaped curve during the last 3 days of self-administration. Animals reduced responding at higher doses, consistent with a titration of opioid dosing to maintain similar brain levels.
Progressive Ratio
Following the escalation period, the rats were subjected to a PR schedule of reinforcement, and the breakpoints for the last infusion over a 6-h session were recorded. Significant differences were found between the LgA and ShA groups only at the intermediate doses of heroin (p ¼ 0.019; Figure 4a ), fentanyl (p ¼ 0.0008; Figure 4b ), and oxycodone (p ¼ 0.016; Figure 4c ). No significant differences were found between the LgA and ShA groups at the low and high doses of these opioids. The breakpoints for buprenorphine ( Figure 4d) were not significantly different between the LgA and ShA groups at any dose tested.
DISCUSSION
The present results show that, similar to heroin, both fentanyl and oxycodone also support self-administration behaviors, reflected by the escalation of lever pressing over time and increases in PR breakpoints in rats allowed extended drug access. Buprenorphine did not produce such effects. As expected, rats that were allowed limited drug access displayed low and stable lever pressing over time for all the four drugs. Animals that self-administered fentanyl, oxycodone, and heroin significantly escalated their intake over the course of the experiment for at least one dose tested. In addition, following escalation, a clear inverted U-shaped dose-effect function was demonstrated for fentanyl, oxycodone, and heroin, suggesting that the animals were titrating their doses. These findings indicate that, similar to heroin, oxycodone and fentanyl, but not buprenorphine, have the potential for escalation of selfadministration. Our second measure, increases in breakpoints in a PR test, indicates reward efficacy or motivational properties of the drug (Hodos, 1961) . Increases in breakpoint on a PR schedule were observed at the middle dose of the dose-effect function following escalation for fentanyl, oxycodone, and heroin, but not buprenorphine. LgA rats showed increased motivation for intermediate doses of heroin, oxycodone, and fentanyl compared with ShA rats. No group differences for buprenorphine were found. The Figure 1 Three doses of each opioid were used to determine the doses of heroin, fentanyl, oxycodone, and buprenorphine (a-h) that support selfadministration. A dose-response function for infusions of heroin (a), fentanyl (c), oxycodone (e), and buprenorphine (g) was produced. A dose-response function for resulting intake of heroin (b), fentanyl (d), oxycodone (f), and buprenorphine (h) was also produced.
overall low response for buprenorphine may explain the lack of differences between ShA and LgA rats. In agreement, previous data have demonstrated that PR breakpoints do not change by dose when self-administered by macaque monkeys (Mello et al, 1988) . At high doses for each drug, no significant difference in PR responding was observed between ShA and LgA rats, suggesting that increasing the dose of opioid, even in limited access conditions, can alter the reinforcing efficacy of the drug, as demonstrated in earlier work (Koob and Le Moal, 2006; Roberts et al, 1989) .
Heroin, fentanyl, oxycodone, and buprenorphine have few differences in time to onset when administered intravenously. However, each of these drugs shows differential binding affinities, efficacy and opioid subtype preference. A comparison of the binding affinity for MOR may be an important factor of their reinforcing effect. Whereas heroin, fentanyl, and oxycodone all have similar binding affinities (1-25 nM) (Frances et al, 1992; Volpe et al, 2011) buprenorphine has a much higher affinity for MOR of 0.21 nM, indicating that time to offset from the receptor for buprenorphine may be of a longer duration than that of the other ligands (Volpe et al, 2011) .
In addition to the effects at MOR, buprenorphine also acts as a partial agonist at the MOR, nociceptin (ORL-1; Ki ¼ 285 nM), and kappa-opioid (Ki ¼ 0.91 nM) receptors and as an antagonist at kappa-opioid receptors (Ki ¼ 0.11 nM) (Huang et al, 2001) . Activation of ORL-1 has been shown to have opposite effects on the mesolimbic dopamine receptors than MOR activation by decreasing extracellular dopamine levels in the nucleus accumbens (Margolis et al, 2003; Murphy et al, 1996) . In addition, its effects at the kappa-opioid receptor are differential. At low doses buprenorphine acts as an antagonist at the kappa-receptor (Kajiwara et al, 1986) . Antagonism of the kappa-receptor has previously been shown to inhibit self-administration of cocaine and other drugs of abuse (Cashman and Azar, 2014; Mello and Negus, 2007; Wee et al, 2009) . At high doses, buprenorphine has weak agonist effects that might render buprenorphine aversive (Kajiwara et al, 1986; Sante et al, 2000) and similar to its effects at ORL-1, activation of kappa-receptors directly Figure 2 Rats were allowed to self-administer heroin (a), fentanyl (b), oxycodone (c), and buprenorphine (d) over the course of 14 sessions at low, intermediate, and high doses during short (ShA) or long (LgA) access conditions to evaluate the escalation of drug intake. Figure 3 The last 3 days of self-administration on the FR1 schedule were averaged, and dose-response curves for infusions of heroin (a), fentanyl (c), oxycodone (e), and buprenorphine (g) were generated over the course of a 12-h session. Dose-intake curves for heroin (b), fentanyl (d), oxycodone (f), and buprenorphine (h) were also generated over the course of a 12-h session.
inhibits dopaminergic neurons (Margolis et al, 2003) . That buprenorphine acts as a partial agonist at MOR, kappa-opioid receptor and ORL-1 and an antagonist at the kappa-opioid receptor may contribute to decreased selfadministration of buprenorphine.
It has been hypothesized that tolerance to reward is a primary factor in the escalation of drug intake. Many studies evaluating cocaine intake over time show that, in fact, tolerance to the rewarding effects of the drug correlates with increased intake throughout the course of the experiment (Ahmed et al, 2002) . In addition, cocaine has been shown to decrease cocaine-induced dopamine uptake inhibition, and reduced cocaine-induced dopamine overflow (Calipari et al, 2014) . Because cocaine acts at the dopamine transporter it is possible that this effect of reward tolerance is specific to escalation of cocaine intake. Furthermore, it has been shown that animals that self-administer opioids are likely to selfadminister above reward-threshold doses than animals that self-administer stimulants (Zernig et al, 2007) . This suggests that escalation of opioid self-administration may be due to different mechanisms.
In the present study we demonstrated that, similar to heroin, both oxycodone and fentanyl induced escalation of self-administration and increases in motivation, measured by increased breakpoints in a PR test, in rats with extended access to the drug. Buprenorphine self-administration resulted in no such effects. The use of long access sessions was a useful tool to investigate the biological mechanism of excessive intake of prescription opioids.
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